In arid ecosystems, variation in precipitation causes broad-scale spatial heterogeneity in soil moisture, but differences in soil texture, development, and plant cover can also create substantial local soil moisture heterogeneity. The boundary between inland desert sand dunes and adjacent desert habitats exhibits abrupt changes in soil and vegetation characteristics that may be associated with differences in plant-available water and nutrients. We hypothesized that differences in plant water status between habitats would mirror changes in soil texture and vegetation cover. Because the dunes have higher water availability, we predicted that plants on dunes would have higher plant water potential (C) and be less water use efficient than plants off dunes. We tested these predictions for three species-Psoralidium lanceolatum (a C 3 perennial N-fixing subshrub), Stipa hymenoides (a C 3 perennial bunchgrass), and Salsola iberica (a C 4 annual)-on actively moving desert dunes and adjacent stabilized dunes at Little Sahara Dunes, Utah. Plants on the dunes maintained higher predawn (C pd ) water potentials (>ÿ1.5 MPa) throughout the summer season, whereas off-dune plants were water stressed from July on (C pd < ÿ1:5 MPa). Midday water potential (C md ) generally mirrored C pd . As predicted, off-dune plants were more water use efficient, on the basis of leaf carbon isotope ratios (d 13 C) for the C 3 species. The observed differences in soil particle size, soil water content, and the concomitant effect on soil C likely explain the observed differences in C pd . Soil N was significantly lower on dunes, while soil P was similar across habitats. In contrast, leaf N was similar across habitats, but leaf P was significantly higher on dunes, possibly because of species-specific differences in nutrient relations or differences in habitat nutrient availability. Abrupt changes in water and nutrient availability associated with soil texture are likely to be important selective forces shaping plants' strategies in this and other desert boundary communities.
Introduction
Spatially heterogeneous resources affect numerous plant ecological processes, including the distribution of plant communities, the structuring of plant populations, and the establishment and recruitment of individuals (Harper 1977; Polis 1991; Kadmon 1993; Smith et al. 1997) . Differences in natural selection resulting from spatially heterogeneous resources can lead to phenotypic divergence between populations (Hedrick 1986; Dudley 1996; Nagy 1997) . Such population differentiation has been associated with changes in water and inorganic nutrient availability, even over very small spatial scales (Snaydon and Davies 1972; Stewart and Schoen 1987; Lechowicz and Blais 1988) . Although researchers can measure environmental changes, it is often difficult to determine which aspects of the natural environment are most critical in determining the distribution of a given plant population. The abrupt transition between actively moving desert sand dunes and adjacent stabilized dunes (hereafter referred to as ''ondune'' and ''off-dune'' habitats, respectively) provides a natural laboratory to study the effects of resource heterogeneity on desert plants (Chadwick and Dalke 1965; Hennessy et al. 1985; Lei 1998) . However, the extent to which plant water status, nutrient status, and water use efficiency change in response to resource differences in this habitat boundary is poorly understood. Here we test the hypothesis that desert sand dune habitats are mesic islands in an otherwise arid ocean.
In desert ecosystems, small-scale variation in vegetation, soil surface cover, and soil texture can change the amount of water and nutrients available to plants (Whitford 2002) . Soil texture is particularly important to plant and soil water relations in arid systems (Alizai and Hulbert 1970; Noy-Meir 1973) , because there should be more plant-available water in sandy soils than in finer-textured clay soils (McAuliffe 1994; Hamerlynck et al. 2000 Hamerlynck et al. , 2002 . Sandy soils allow precipitation to infiltrate more quickly, leaving less capillary water in the topsoil, compared with clay soils. Although clay soils hold more water than sandy soils, water is more tightly bound to the fine clay particles than to the larger sand particles. This causes a sandy soil to have a greater water potential (C) than a clay soil at a somewhat low relative water content (Nilsen and Orcutt 1996) . At greater soil C, plants can extract more soil water, leading to better plant water status. Thus, the generally lower clay content and coarser texture of sand dune soils, coupled with relatively low soil moisture content in deserts, indicate that plant C should be greater on dunes than off. We therefore expect dune plants to use water less conservatively than similar plants off dunes (Ehleringer and Cooper 1988; Donovan and Ehleringer 1994; Sandquist and Ehleringer 2003) .
Plant C on desert sand dunes has been variously reported as higher than, similar to, or lower than that in adjacent offdune habitats (Pavlik 1980; Forseth et al. 1984) . Hennessy (1985) concluded that sand dune soils hold less plantavailable water than adjacent interdune soils, although plant responses were not reported. An accurate comparison of plant responses to soil moisture heterogeneity in dune habitats requires simultaneous evaluation of soil and plant water status both on and off the dunes. These questions are particularly interesting in light of ongoing work assessing ecological and evolutionary divergence in two wild annual sunflower species, Helianthus anomalus and Helianthus deserticola, that are restricted to on-and off-dune habitat patches, respectively (Schwarzbach et al. 2001; Rosenthal et al. 2002; Rieseberg et al. 2003) .
To assess the on-and off-dune habitats, we measured aspects of the physical environment, including soil water content and soil C. However, we also used extant individuals of three species that occur both on and off dunes as ''phytometers'' (Clements and Goldsmith 1924) . Although past phytometer studies (Antonovics et al. 1987; Miller et al. 1995 ) have planted common genotypes into different environments and measured only performance, here we measured traits associated with plant water relations and nutrient status in situ on naturally occurring plants. Simply measuring performance is not an adequate method to assess habitat water availability, because on-and off-dune habitats also differ in soil texture and stability, vegetation cover, and nutrient availability. Using in situ individuals does not control for potential effects of age, habitat choice, or genetics on phenotypic differentiation. However, by using three species with different life histories and independent environmental responses, we obtained a more generalizable measure. We could then ask how the plant responses differed between habitats and whether these differences reflected soil water availability and nutrient status.
In this study, we measured soil and plant C and soil and plant nutrient concentrations for five pairs of on-dune and off-dune sites. We predicted that plant water status would be higher on the active dunes than off and that plant C could be explained in terms of habitat soil characteristics. We predicted that on-dune plants would use water less efficiently because higher seasonal plant water availability should be associated with lower water use efficiency (Ehleringer and Cooper 1988) . Finally, we predicted that plant nutrient content would reflect differences in soil nutrient levels, with less nutrients available on dune than off dune.
Material and Methods

Study Site
The study was conducted in Little Sahara Recreation Area, Juab County, Utah (lat. 39°449N, long. 112°189W). The climate is typical of the Great Basin Desert, with the majority of precipitation occurring as snow or rain during the cold winter and cool spring months (Smith et al. 1997) . The summers are characterized by a significant drought, usually beginning in June and lasting until August. Mean annual precipitation is 312 mm, making this an arid zone according to the UNESCO (1977) classification. Annual precipitation was well below average the year of the study (2002; 110 mm) and the preceding year (2001; 191 mm) . Given that only four small rain events (each <6.0 mm) occurred from June to August 2002, it is likely that the study plants relied predominantly on soil moisture derived from winter and early spring rather than from summer precipitation (Ehleringer et al. 1991) .
We chose the three focal species because they occurred on actively moving dunes as well as off the dunes in stabilized sand substrates. Psoralidium lanceolatum var. stenostachys (Pursh.) Rydb. (Fabaceae), the dune scurfpea, is an endemic N-fixing perennial rhizomatous herb. Salsola iberica Sennen & Pau, Russian thistle, is a widespread weedy annual herb. Stipa hymenoides R. & S., Indian ricegrass, is a widespread dune-colonizing perennial bunchgrass. Scientific names and nomenclature follow Welsh et al. (1987) .
In order to encompass the environmental heterogeneity of active sand dunes and the adjacent off-dune habitat, we established a pair of on-and off-dune experimental plots at each of five replicate sites (blocks), for a total of 10 plots. For each on-and off-dune pair, plots were 50-75 m apart, and the five sites ranged from 1 to 7 km apart. Plant cover was estimated around each plot on June 24-28, 2002, using line transects and a modified step-point method appropriate for relatively uniform communities of low-stature vegetation (Barbour et al. 1987) . Briefly, we established a 30-m baseline transect along a north-south or an east-west axis by coin toss. At each garden, two 50-m transects were set up perpendicular to the baseline at two randomly selected points along the 30-m baseline. We collected cover data by placing a 0.9-m steel pin perpendicular to the baseline and vertically lowering the pin until it intersected plants, bare ground, or litter. Pin hits were recorded every 20 cm on each 50-m transect. Percent cover is determined as the proportion of hits for a given species or cover category within the total number of pin hits. Although this method tends to underestimate taxa with low cover values (Barbour et al. 1987) , it is well suited to quantify common taxa in these communities.
Soil Characterization and Analyses
We sampled soils at all 10 plots at depths of 0, 25, 50, 75, 100, 150, and 200 cm (June 6, July 1, July 30, August 30). We measured soil water content (SWC) gravimetrically (Rundel and Jarrell 1989). We then estimated soil C from the relationship between the SWC and soil C. These soil moisture release curves were generated in the lab for each depth/site combination (soil collected July 30) using a thermocouple psychrometer system (SC-10, Decagon Devices, Logan, UT) to measure soil C. The curves were fitted using a threeparameter exponential model: soil C ¼ y 0 þ að1 ÿ b SWC Þ. We determined soil texture (percent sand, percent silt, and percent clay) using the hydrometer method (Bouyoucos 1962) . Presence of soil carbonates was confirmed by applying several drops of 10% hydrochloric acid to soil samples.
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Plant Water Potential
We measured plant predawn (C pd ) and midday (C md ) water potentials with a pressure chamber (PMS Instruments, Corvallis, OR) on the same dates as the soil sampling. We sampled fully expanded, mature, nonsenescent leaves from two individuals of each species on each of the 10 plots (five on-dune and five off-dune). Although soil C and plant C pd may not equilibrate for some plants, the magnitude of predawn soil-plant C disequilibrium generally appears to be small for nonsaline herbaceous species similar to those in this study . In addition, predawn disequilibrium due to nighttime transpiration is likely to be greater in less water-stressed plants, potentially minimizing habitat differences being investigated here. Thus, intraspecific differences in plant C pd are a conservative comparative estimate of habitat soil C differences for this study.
Soil and Leaf Elemental Analyses
We collected mature leaves for each species (eight to 10 individuals per species bulked per plot) on June 13, dried them at 60°C, and ground them (SPEX 8000, SPEX CertiPrep, Metuchen, NJ). Double acid extracts of ashed leaf tissue (Allen 1989) were analyzed for total P on an inductively coupled plasma-atomic emission spectrophotometer (Jarrel-Ash 965 ICP-AES). Ground leaf and soil samples were analyzed for total N and C by Micro-Dumas combustion analysis on an elemental analyzer (Carlo Erba NA 1500, Milan, Italy). Soil P was estimated from acid persulfate extracts (Nelson 1987) using Alpkem continuous-flow colorimetry. The carbon isotopic composition (d 13 C) of dried leaves was determined using continuous flow mass spectrometry (Stable Isotope/Soil Biology Laboratory, University of Georgia). Under similar atmospheric conditions, more negative leaf d 13 C are generally interpreted as lower integrated leaf-level water use efficiency for C 3 plants (Farquhar et al. 1989) . Salsola iberica was not included in this analysis because variation in d 13 C does not estimate water use efficiency for C 4 species (Farquhar et al. 1989 ).
Statistical Analyses
The sampling design consisted of five sites, with one ondune and one off-dune plot at each site. Site was treated as a random (block) effect and habitat and species as fixed effects for all analyses. Soil depth, soil water content, leaf C, and nutrient status were dependent variables. The MIXED procedure (SAS Institute 2001) was used for all analyses. Seasonal plant C and soil water content data were analyzed as repeated measures, and denominator degrees of freedom were calculated using a Satterthwaite approximation (SAS Institute 2001). Variables were transformed as needed to meet model assumptions. Simple effects tests (LSMEANS/SLICE) were implemented to dissect significant two-way interactions (e.g., A 3 B) (SAS Institute 2001). This procedure tests for the simple main effects of A for B, which are calculated by extracting the appropriate rows from the coefficient matrix for the A 3 B LSMEANS and using them to form an F-test. 
Results
Habitat Measures
Vegetation cover was significantly lower on dunes (12.3%) than off dunes (67.8%, F 1; 10 ¼ 631:9, P < 0:0001). The focal species, Psoralidium lanceolatum, Salsola iberica, and Stipa hymenoides, were the most common species on the dune (37.1%, 16.9%, and 14.6% cover, respectively) and occurred at lower frequencies off the dune (2.3%, 8.5%, and 3.5% cover, respectively). Other common taxa off the dunes were Bromus tectorum, Artemisia tridentata var. tridentata, and Agropyron sp. (47.8%, 14.7%, and 14.4% cover, respectively). Litter was far less abundant on dunes than off dunes (6:4% 6 0:8% vs. 45:5% 6 1:7% cover, respectively). The vast majority of off-dune litter was identifiable as B. tectorum.
The on-dune habitat had a higher soil sand fraction but a lower clay fraction than the off-dune habitat ( fig. 1 ). Changes in particle distribution by depth were habitat specific. On the dunes, only the silt fraction increased with depth (F 6; 21 ¼ 2:72, P < 0:05). Off the dunes, the sand fraction decreased and the clay content increased as a function of depth (F 6; 21 ¼ 5:04, P < 0:005 and F 6; 21 ¼ 2:75, P < 0:05, respectively).
Overall, soil water content increased with depth and decreased over time. Differences between the habitats varied with sampling date ( fig. 2; table 1 ). Soil water content was similar between habitats on June 6 and July 1 but significantly lower on dunes on July 30 and August 30 (simple effect test: F 1; 114 ¼ 8:28, P < 0:01 and F 1; 114 ¼ 6:65, P < 0:05, respectively). On July 30, soil C was extremely low (<ÿ10 MPa) at 0 and 25 cm depths both on and off dunes, but soil C increased substantially below 25 cm and rose to $ÿ1.5 MPa at 50 cm on dunes and at 75 cm off dunes (table 2) .
Soil N was extremely low for both habitats. However, ondune soil N was consistently low at all depths, while offdune soil N decreased with depth ( fig. 3; table 3 ). Soil P did not differ overall between habitats, although the depth profile did differ between habitats ( fig. 3) . On the dunes, soil P was lowest at the soil surface and highest at 75 cm. This trend was reversed off the dunes, where soil P was highest at the soil surface and decreased to its minimum at 75 cm. Soil total C : N ratio was significantly greater on dunes than off (F 1; 4:02 ¼ 20:84, P < 0:05), with these differences being primarily driven by N rather than C. For example, at the soil surface the total C : N ratio was 201 6 17 on dunes and 53 6 17 off dunes ( fig. 3) . C : N ratios also decreased significantly with depth on dunes, but the trend was opposite off dunes (treatment 3 depth: F 6; 43:8 ¼ 12:57, P < 0:0001). Soil carbonates (CaCO 3 ) were not detected in any of the on-dune soils. Off-dune soils had detectable amounts of carbonates at 75 cm and lower at all sites.
Plant Responses
Plant C pd and C md were significantly higher on the sand dunes than off the dunes for all species and sampling dates except for the first sampling date (June 6), when C was similar for all sites ( fig. 4; table 4 ). Plant C pd and C md decreased significantly with sampling date but at a slower rate on dune than off dune. Individually, species' C pd and C md differed depending on habitat, but species ranks did not change over time.
Leaf N was similar across habitats, although species differed significantly (table 3) . Leaf N ranks were P: lanceolatum > S: iberica > S: hymenoides. Mean leaf P was significantly higher on dunes (0:2317% 6 0:0106%) than off dunes (0:1935% 6 0:0118%) and differed significantly among species (S: iberica > P: lanceolatum > S: hymenoides; table 3). The tendency for leaf P to differ across habitats was strongest for S. hymenoides and weakest for P. lanceolatum ( fig. 5 ).
Carbon isotope ratio (d 13 C) was significantly more negative for on-dune plants than for off-dune plants ( fig. 5 ; table 3). When data from both species are pooled, multiple regression analysis of d 13 C against C pd and percent N showed that these significantly affected d 13 C (adjusted R 2 ¼ 0:36, F 2; 15 ¼ 3:82, P < 0:05), with both variables contributing significantly to the relationship (C pd : t ¼ ÿ3:37, P ¼ 0:0056; percent N: t ¼ 2:89, P ¼ 0:013). However, when species are analyzed individually, multiple regression showed that neither C pd nor percent N explained the variation in d 13 C for S. hymenoides, whereas C pd and that percent N explained 93% of the variation in d 13 C for P. lanceolatum (adjusted R 2 ¼ 0:93, F 3; 3 ¼ 29:41, P < 0:01). Notably, only C pd contributed significantly to this relationship for P. lanceolatum.
Discussion
We show that plants growing on desert sand dunes have consistently higher water potentials than plants of the same species growing off dunes, probably driven largely by differences in soil texture. More importantly, we show that ondune plants use water less conservatively (more negative d 13 C) than similar plants of the same species off dunes. Our results are consistent with those of Hamerlynck et al. (2004) , who found that Larrea tridentata on dunes used water less Note. Soil C was estimated from the relationship between soil water content and soil C from soil moisture release curves generated in the lab for each depth/site combination. Values are means for two on-dune and three off-dune sites, with SE in parentheses.
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conservatively than plants in four other more developed Mohave Desert soils (Hamerlynck et al. 2004 ). The greater plant C on the dunes and associated lower integrated water use efficiency attest to the potential for different selective forces to act in these contrasting habitats.
Despite large differences in habitat N, species leaf nutrient contents do not reflect overall habitat nutrient differences and, in some species, differ in the opposite direction. We show a previously undescribed heterogeneity in and complex interactions between soil texture, moisture availability, and nutrient availability along this sand dune/desert boundary. This supports a growing body of literature on the importance of effects of soil texture on water and nutrient relations in arid and semiarid ecosystems (McAuliffe 1994; Hamerlynck et al. 2000 Hamerlynck et al. , 2002 Hook and Burke 2000; Barrett and Burke 2002) . Finally, the similarity in leaf N within species, coupled with differences in patterns of covariation between d 13 C with C pd and leaf N between species, indicates that stomatal closure appears to drive differences in d 13 C. This supports recent modeling and empirical work demonstrating that stomatal response to C pd , not mesophyll demand, largely controls differences in water use strategies in desert shrubs (Ogle and Reynolds 2002; Hamerlynck et al. 2004 ).
Plant and Soil Water Relations
It has long been assumed that plant distribution and community structure in arid ecosystems are a consequence of precipitation inputs. In this way, vegetation distribution and primary production will vary predictably along precipitation gradients (Noy-Meir 1973) . However, recent studies along a soil chronosequence in the Mohave Desert have demonstrated that when precipitation inputs are similar among habitats, plant performance can be tightly coupled with soil age and horizon development (McAuliffe 1994; Hamerlynck et al. 2000 Hamerlynck et al. , 2002 .
Theory predicts that in arid systems, coarse-textured soils in general and sand dunes in particular should capture and store precipitation more efficiently than finer-textured soils (Noy-Meir 1973) . Our plant C data support this assertion. Hennessy et al. (1985) studied a Prosopis glandulosa coppice dune community in southern New Mexico and compared vegetated dunes and interdune sites, which parallel the soil textural differences of on-and off-dune soils, respectively. They reported that there was significantly less water available above ÿ1.5 MPa on vegetated dunes than in interdune sites and concluded that vegetated dunes store water less efficiently than interdune habitats. Although the interdune soils had more clay and held more water by volume than sandier soils, Hennessy et al. (1985) did not provide plant C or other plant physiological data to confirm their conclusions. In another comparison, winter annuals on dunes did not have C significantly different from that of similar plants off dunes (Forseth et al. 1984) . However, our results tend to agree with Note. For five on-dune and five off-dune habitats. Soil and leaf data were sampled on one date. Site effects and appropriate interactions were modeled as random effects. See also figures 3 and 5. Significant effects are shown in boldface. 251 those of Pavlik (1980) , who reported that seasonal water status for Stanleya pinnata, a drought deciduous shrub, was greater for individuals in on-dune habitats than for those in adjacent off-dune habitats.
Significant differences in soil texture can account for the apparent discrepancy between plant C and soil water content differences reported here (Noy-Meir 1973; Hennessy et al. 1985; Hacke et al. 2000) . On July 30 and August 30, 2001, soil water content was significantly higher off dunes, but plant C was significantly greater for all three species on dunes. The increase in the amount of clay in the soil from on-to off-dune habitats reported here is likely to be associated with decreased plant C (Hamerlynck et al. 2000) . Water is more tightly bound to clay than to sand particles, so soils with higher clay content have greater resistance to water movement and lower C than comparable soils with lower clay content (Bristow et al. 1984; Nilsen and Orcutt 1996) . It is likely, then, that the higher soil clay content offsets any benefit of greater soil water content off dunes, thus leading to higher realized plant C on dunes. Furthermore, the relatively small change in soil texture in the top 50 cm of soil indicates that moisture in the deeper soil layers plays a key role in annual and forb plant performance in these systems, as Hammerlynck et al. (2002) found in their work. We note that evapotranspiration is positively associated with vegetation cover (Branson et al. 1976) . Therefore, greater vegetation cover and associated competition for water off dunes cannot be ruled out as additional factors associated with lower attained plant C off dunes.
Plant and Habitat Nutrient Differences
Total soil C and N are greater off dunes and were negatively correlated with soil sand fractions ( figs. 1, 3 ). Soil C and N covaried in a similar fashion along shortgrass steppe soil catenas in Colorado (Schimel et al. 1985; Hook and Burke 2000) and across a Mohave sand dune desert ecotone (Lei 1998) . Soil organic matter and total N also tend to be positively correlated with nitrogen availability (Schimel et al. 1985; Hook and Burke 2000; Whitford 2002) , and leaf nutrient concentrations tend to increase with increasing habitat nutrient availability (Chapin 1980; Aerts and Chapin 2000) . However, leaf N levels in this study did not covary with soil N levels. Leaf tissue nutrient concentrations of wild plants tend to be less sensitive indicators of nutrient availability than that in crop species (Chapin 1980) . Nevertheless, it is surprising, given the threefold difference in soil N between habitats, that leaf N is not higher in the off-dune habitats. It may be that higher soil C : N ratios off dunes, which tend to be associated with low N mineralization and increased N figure 4 . Site effects and all appropriate interactions were modeled as random effects. Significant effects are shown in boldface. immobilization (Schimel et al. 1985; Barrett and Burke 2000) , reduce available N in spite of the greater total N off dunes. Also, N mineralization off dunes could be further reduced because of lower soil C off dunes (Paul et al. 2003) . Indeed, mean annual precipitation was well below average the year preceding and the year of the study.
Habitat soil P did not differ, but overall, leaf P was greater on dunes (table 3; fig. 5 ). However, unlike total N, total soil P is not necessarily a good predictor of plant-available P (Lajtha and Schlesinger 1988a). Lower leaf P off dunes may be the result of the complementary effects of lower soil C and higher clay content on diffusion, because P acquisition is primarily limited by diffusion, which tends to be lower in higher clay soils (Cox and Barber 1992; Marschner 1995) . Lower leaf P off dunes may be lower in part because of soil chemistry. Clay particles frequently have higher P concentrations than other soil fractions because organic P and PO 4 are adsorbed to clays (Srivasta and Pathak 1971; Dong et al. 1983; Atalay 2001) . Furthermore, CaCO 3 is only found at off-dune sites. This may indicate that soil pH plays a role in limiting P acquisition and uptake off dunes (Lajtha and Schlesinger 1988b) , because P tends to be chemically bound and unavailable to plants in alkaline soils (Lajtha and Schlesinger 1988a) .
Significant species differences in leaf N content within habitats reflect inherent species differences in nutrient uptake ability and metabolism (Marschner 1995; Aerts and Chapin 2000) . For example, only Stipa hymenoides had significant differences in leaf N between habitats, but again they were contrary to our expectations. Rhyzosheaths improve water status around the roots of S. hymenoides and enhance water uptake from the rhyzosphere (Bristow et al. 1985; Wullstein 1991) . The presence of symbiotic N fixers in rhyzosheaths, coupled with seasonally higher plant water availability on the dunes, may explain higher leaf N for S. hymenoides on versus off dunes (Wullstein et al. 1979) .
Alternatively, nutrient resorption triggered by senescence may have lowered leaf N and P for S. hymenoides, compared with the other species (Aerts and Chapin 2000) . Stipa hymenoides in off-dune habitats experienced significantly lower water potentials than the other species in either habitat ( fig.  4 ) and had been experiencing lower plant C for 3 wk when leaves were collected for elemental analysis. Moreover, some S. hymenoides individuals off dunes were already beginning to senesce, while Salsola iberica and Psoralidium lanceolatum were not (D. M. Rosenthal, personal observations).
Consequences for Plant Strategies
When viewed together, soil and plant C indicates that ondune plants are rooted more deeply than those off dune. Indeed, deep taproots are characteristic of many desert dune plants and are presumed to be adaptive under the constant threats of dune deflation and soil moisture depletion (Bowers 1982; Danin 1991) , and recent studies show that some shrubs and trees tend to be more shallowly rooted in finetextured soils (loam) than in coarse soils (sand) (Hacke et al. 2000; Sperry and Hacke 2002) . At our sites, both soil water content and soil C increased with depth, so we would expect plants with less negative C to be more deeply rooted. Using this analogy, species ranks for rooting depths for this study are S: hymenoides < S: iberica < P: lanceolatum. The relative ranks of S. hymenoides and P. lanceolatum make sense, because we would expect a bunchgrass (S. hymenoides) to have the majority of its roots higher in the soil profile than a shrub (P. lanceolatum) in similar habitats (Jackson et al. 1996) . The tendency to root more deeply on the dunes is evident from the plant and soil C on July 30, and the trends are consistent for the species studied here. For example, the observed C pd for P. lanceolatum could only have been achieved by having access to soil water at 75 cm off dunes but at least 100 cm on dunes (table 2) . For the preceding discussion, we assume that C pd is in equilibrium with soil C; therefore, C pd should reflect either the wettest soil the plant sees or a depthweighted average of soil water potential (Breda et al. 1995; Sperry and Hacke 2002 ; but see Donovan et al. 2003) .
The small spatial scale differences in soil water availability documented in this study with the phytometer method may drive differences in selection on plant water use characters along this and other sand dune/desert boundary communities (Antonovics and Bradshaw 1970) . For our study species that grew both on and off the dunes, this difference in environment may have driven ecotypic differentiation, which could have confounded our results. However, the differences in water status between on-and off-dune habitats were robust across all three species, indicating that for these species any ecotypic variation would likely be a minor effect.
For other species that are more restricted in their habitat tolerances and distributions, differences in water availability between these habitats may be particularly important. For example, two species of annual sunflowers, Helianthus anomalus and Helianthus deserticola, are specialized to on-and off-dune habitats, respectively, at Little Sahara Dunes, Utah. For the on-dune endemic H. anomalus, C md and C pd are greater than or similar to those of P. lanceolatum, which has the highest C of all the plants on all the dates presented here, indicating that H. anomalus has a deep root system to access stored water (D. M. Rosenthal, unpublished data). Helianthus anomalus persists throughout the summer growing season and reproduces in late summer and fall, which is an unusual strategy for a desert summer annual. In contrast, H. deserticola is endemic to the lower water availability offdune habitat and appears to follow a more traditional desert annual strategy, flowering significantly earlier and completing its life cycle before soil moisture limitations become extreme (Rosenthal et al. 2002; Gross et al. 2004 ). The differences in flowering phenology between the H. anomalus and H. deserticola habitats may reflect differing adaptive strategies in light of the seasonal difference in soil and plant water status.
